Introduction: Cognitive biases in attention, interpretation and less consistently memory have been observed in individuals with chronic pain and play a critical role in the onset and maintenance of chronic pain. Despite operating in combination cognitive biases are typically explored in isolation. Aim: The primary aim of this study was to explore attentional, interpretation and memory biases and their interrelationship in individuals with chronic headache. Methods: Twenty-eight participants with chronic headache and 34 healthy controls completed paradigms assessing attentional, interpretation and memory biases with ambiguous sensory-pain and neutral words. Results: Individuals with chronic pain showed significantly greater pain-related attentional and interpretation biases relative to controls, with no differences in memory bias. No significant correlation was found between any of the three forms of cognitive bias assessed. Discussion and conclusion: The clinical implications of cognitive biases in individuals with chronic pain remain to be fully explored, although one avenue for future research would be specific investigation of the implications of biased interpretations considering the consistency of results found across the literature for this form of bias.
Introduction
Individuals with chronic pain show attentional, 1,2 interpretation 3 and less consistently memory biases for painrelated information. 4, 5 The majority of studies in this field have explored cognitive biases in isolation, although there has recently been greater consideration given to the interrelationships between different forms of bias. The Threat Interpretation Model 6 notes the ambiguous nature of pain-related information (e.g. words such as Sharp and Tender) and proposes that an interpretation bias favouring the pain-related meaning of information is necessary, but not sufficient, for an attentional bias to be observed. In the broader anxiety and depression literature, it has been suggested that cognitive biases influence and interact with one another, 7, 8 and different possibilities for the temporal pattern of their occurrence Attentional, interpretation and memory biases for sensory-pain words in individuals with chronic headache have been proposed (e.g. Everaert et al. 9 speculate that in depression, attentional bias precedes interpretation bias).
Only Schoth et al. 4 have explored combined painrelated attentional, interpretation and memory biases. Individuals with chronic headache, relative to healthy controls, showed significantly greater interpretation and memory biases favouring ambiguous sensory-pain words and also an interpretation bias favouring ambiguous disability words. Surprisingly, no evidence of an attentional bias using the spatial cueing task for sensory-pain or disability words was found. The aim of this study was therefore to further explore attentional, interpretation and memory biases and their interrelationship in individuals with chronic headache and provide a preliminary test of the Threat Interpretation Model. The visual-probe task was used to assess attentional biases. As per former research, stimuli presentation times of 500 and 1250 ms were included to measure biases in initial orienting of attention and maintained attention, respectively. 2, 10 It was predicted that individuals with chronic headache, relative to healthy controls, would show significant attentional, interpretation and memory biases for sensory-pain words. More specifically, based on the Threat Interpretation Model, a significant positive correlation was predicted between pain-related interpretation and attentional biases only in individuals who would show interpretation biases.
Methods

Participants
Participants were recruited from the South of England via press announcements and word of mouth. For the chronic headache, group inclusion criteria were as follows: (1) experiencing primary tension-type headache or migraine, and satisfying the criteria stated in the International Classification of Headache Disorders third edition beta version (ICHD-3) for chronic headache; (2) aged 18 years or over; and (3) normal or corrected-to-normal vision. Exclusion criteria were as follows: (1) a psychiatric disorder, currently or within the past 5 years; (2) any other chronic pain. For the control group, inclusion criteria were as follows: (1) aged 18 years or over; (2) normal or corrected-to-normal vision. Exclusion criteria were as follows: (1) a psychiatric disorder, currently or within the past five years; (2) chronic pain (in terms of headache frequency, experiencing more than seven headaches per month 4, [11] [12] [13] ); and (c) taking any psychotropic or analgesic medication regularly. Eligibility was established via a short telephone interview prior to recruitment. 
Measures
The following questionnaires were used: Hospital Anxiety and Depression Scale, 14 State-Trait Anxiety Inventory, 15 McGill Pain Questionnaire, 16 Brief Pain Inventory-Short Form 17 and Migraine Disability Assessment Questionnaire. 18 Full details are provided in the Supplementary Questionnaire Information file (Supplementary Material 1).
Experimental stimuli
Experimental stimuli (Table S1 ) included nine sensory-pain words associated with the sensory dimension of headache and nine neutral words unrelated to pain. These words were used in a prior chronic pain combined cognitive bias investigation. 4 Due to the exploration of interpretation biases, each word was either a homograph (words which have identical spelling but different meanings and etymologies) or a pseudo-homograph (also referred to as polysemes; words which have identical spelling but different meanings, although stem historically from the same source). 19, 20 Sensorypain words were selected to have pain-related and neutral associations, and neutral words were selected to have multiple neutral associations. Although ambiguous, sensory-pain words were nevertheless relevant to headache and are commonly used by patients to describe their pain; all but one of the sensory-pain words are included in the McGill Pain Questionnaire, 16 and the only word not included is specifically relevant to headache (i.e. tension). Sensory-pain and neutral words were matched on length and Kucera-Francis written frequency using the MRC Psycholinguistic Database 21 and on word set size (i.e. number of strong associations a word has) using the University of South Florida Free Association Norms database. 20 
Experimental paradigms
Visual-probe task. The visual-probe task 22 was used to explore attentional biases and was based on versions used in former chronic headache attentional bias research. 13, 23, 24 The task began with eight practice trials featuring random letter strings as stimuli. This was followed by a single block of 72 experimental trials, each of which featured one sensory-pain and one neutral word. Each trial began with a fixation cross in the centre of the screen for 500 ms, followed by a randomly selected word-pair presented vertically (i.e. one above the initial fixation cross, the other below) for either 500 or 1250 ms. Immediately after the disappearance of the word-pair, a visual-probe was randomly displayed in either the upper or lower location replacing one of the former words. Participants indicated the location of this probe as quickly as possible, using a two-button response-box (with 'U' and 'L' labels for upper and lower, respectively) to provide their response. Following a randomly determined inter-trial interval of either 1000 or 1500 ms, the next trial began with the display of the initial fixation cross.
The two stimuli presentation times were applied in a randomised order over all trials. Each of the nine word-pairs were presented eight times; four times for 500 ms and four times for 1250 ms. Within each exposure duration, each sensory-pain word appeared twice in the upper location and twice in the lower location. The probe location (upper or lower) was counter-balanced across both locations, resulting in an equal number of congruent (probe replacing the sensory-pain word) and incongruent (probe replacing the neutral word) trials.
Sentence generation task. The sentence generation task 25 was used to explore interpretation biases, which has been adopted in previous studies exploring biases in anxious 26 and chronic pain 4 populations. The task included 18 experimental trials featuring the same sensory-pain and neutral stimuli as the visual-probe task. 4 Trials were presented in a new randomised order for each participant. Each trial began with a fixation cross for 1000 ms. A single word presented in size 40 Times New Roman font subsequently replaced the cross, remaining on the screen until the end of the trial. Participants read the word and used a keyboard to type a single sentence featuring the word once only. Text appeared in size 18 Times New Roman font below the experimental word as the participant typed. Backspace and delete keys were used to correct spelling mistakes or make amendments as necessary, and the F12 key was used to submit the response. The next trial began after 120 seconds if no response was submitted. Trials followed one another automatically, with all 18 trials presented in a single block. Two practice trials were initially presented to familiarise participants with the requirements of the task, featuring the words running and dancing.
Free recall task. A pen-and-paper version of the free recall task was used to explore memory biases, which has been commonly adopted in former research exploring memory biases in anxious 27, 28 and chronic pain 4, 29 populations. Participants were unexpectedly asked to write down as many words as possible from the visualprobe and sentence generation tasks in 3 minutes.
Apparatus and procedure
Ethics approval was obtained from the University of Southampton Research Ethics Committee. Visualprobe and sentence generation tasks were developed in Presentation® (version 12.2, Neurobehavioural Sciences) and run on a personal computer with a 15-inch colour monitor with all text, fixation crosses, probes and cursors presented in white against a black background. The visual-probe task was completed first, followed by the sentence generation task after a short break. The surprise free recall task was administered last, after a brief distractor task (i.e. counting backwards from 400 in units of seven for 2 minutes), which was included to control for recent effects influencing subsequent recall. A second break was provided at this point, after which the participants completed the study questionnaires which were presented in a new randomised order for each participant. The total experimental duration was approximately 60 minutes (visual-probe task = 10 minutes, sentence generation task = 8 minutes and free recall task = 3 minutes).
Data reduction and analytic plan
Analyses were conducted in IBM SPSS Statistics for Windows 22. For the visual-probe task, practice and experimental trials with incorrect responses were excluded from the analysis. Box and whisker plots for overall data showed outliers to be any response time less than 200 ms or greater than 1100 ms, which were removed. Mean response times for each participant were then calculated, and any response time 3 SDs above or below this mean were also removed as outliers. 4, 13, 23, 30 Attentional bias scores were then calculated for each participant at each exposure duration (i.e. 500 and 1250 ms) using the following formula: attentional bias score = ((TuPl -TlPl) + (TlPu -TuPu))/ 2. Where T = threatening stimulus, P = probe, u = upper position and l = lower position. A positive bias score indicates a shift of attention towards the location of threatening words relative to neutral words. A negative bias score indicates a shift of attention away from the location of threatening words towards neutral words. 24 For the sentence generation task, two raters independently and blindly categorised participant response sentences as either pain-related (e.g. He had a pressing pain in his head) or benign (e.g. The boy was pressing the buttons in the lift). Benign responses included both neutral and positive sentences. The initial inter-rater agreement was 97%, and after discussion, consensus was reached on 100% of ratings. The proportion of interpretations made was used in the analyses. 4, 31, 32 For the free recall task, the proportion of words recalled per stimuli category was computed and used in the analyses. 4, 32, 33 Between-groups differences for demographic characteristics and self-report questionnaires were explored via t-tests and χ 2 for continuous and categorical variables, respectively. A 2 (group; chronic headache, healthy control) × 2 (presentation time: 500, 1250 ms) mixed-design analysis of variance (ANOVA) was conducted on attentional bias scores, and a 2 (group; chronic headache, healthy control) × 2 (stimuli category; sensory-pain, neutral) mixed-designs ANOVA conducted on the proportion of participant responses classified as sensory-pain (interpretation bias) and the proportion of words correctly recalled for each stimuli condition (memory bias). t-tests were used as required in post hoc analyses to clarify significant effects and explore patterns of bias in greater detail. Effect sizes for ANOVA and t-tests were quantified using η p 2 and Cohen's d, respectively. ESCI (Exploratory Software for Confidence Intervals) 34 was used to compute Cohen's d and associated 95% confidence intervals (CIs). For ANOVA analyses, the alpha level was set at 0.05, two-tailed. Pearson's correlation coefficients were selectively conducted to assess the relationship between different types of sensory-pain cognitive bias, along with 95% CIs using the bias-corrected and accelerated (BCa) bootstrap method (1000 samples), which corrects for bias and skewness in the distribution of bootstrap estimates. 35 For correlational analyses, the alpha level was set at 0.01 (two-tailed) due to the number of correlations performed and in order to reduce the possibility of making a type 1 error.
Results
Data from self-report measures, attentional bias scores, the proportion of pain and benign interpretations made for each word category and the proportion of words correctly recalled for each stimuli condition are provided in Table 1 .
Group comparisons
Chronic headache (n = 28) and healthy control groups (n = 34) did not significantly differ in terms of age (t (60) The chronic headache group reported significantly higher state and trait anxiety and depression than the healthy control group. These variables were not included as covariates as this is not appropriate for analyses with pre-existing, non-randomised groups and does not 'control' for any potential differences. 36, 37 Attentional bias 
Interpretation bias
The chronic headache group did not significantly differ from the healthy control group in the number of valid interpretations made (both groups = 18:00, SD = 0.00). The main effect of stimuli category was significant, F(1, 26) = 88.68, p < 0.001, η p 2 = .773, as was the main effect of group, F(1, 26) = 88.09, p < 0.001, 
Memory bias
The chronic headache group did not significantly differ from the healthy control group in the number of total words recalled (chronic headache = 7.46 (SD = 2.84), healthy control = 7.21 (SD = 2. 
Correlation analysis
Across all participants, no significant correlations were found between sensory-pain attentional, interpretation and memory biases (Table S2 ). In order to specifically test our hypothesis derived from the Threat Interpretation Model, 13 participants who provided only benign interpretations of the ambiguous stimuli were removed from the analysis as there was no evidence they had interpreted any of the words as anything other than neutral/benign. Once again, no significant correlations were found between sensorypain attentional, interpretation and memory biases. At the request of an anonymous reviewer, depression was correlated specifically with the proportion of sensorypain words recalled. No significant correlations were found for individuals with chronic headache (r = −0.052, p = 0.793), healthy controls (r = −0.061, p = 0.739) or when all participants were combined (r = −0.047, p = 0.722).
Discussion and conclusion
In partial support of the first hypothesis, evidence of attentional and interpretation biases for ambiguous sensory-pain words was found in individuals with chronic headache relative to healthy controls. No significant difference was found between the two groups in the recall of ambiguous sensory-pain words however. The second hypothesis was not supported, as no significant correlation was found between pain-related interpretation and attentional biases in participants who made at least one pain interpretation. Considering attentional biases, both between-groups and withingroups biases were found at the 500 ms stimuli presentation time only. This contrasts somewhat with the results of our former chronic headache research which showed more pronounced biases at 1250 ms. 13, 24, 38 As noted, biases at 500 and 1250 ms may reflect processes of initial orienting of attention and maintained attention, respectively. 10 Given that this study used words specifically selected for their ambiguity, direct comparison with the results of former studies should be made with caution, especially as personal relevance has been shown to be an important factor in determining whether attentional biases are observed, 39 and also because we could not include certain obvious and relevant words as they did not meet our inclusion criteria (e.g. pain, aching and throbbing). Despite these cautions in making direct comparisons, it is possible that ambiguous words are less likely to maintain attention or lead to difficulties disengaging attention as they are simply deemed less threatening than the painrelated words typically used in former studies. This is in alignment with the Threat Interpretation Model 6 which suggests that participants will easily disengage from low threat. Although we did not include a stimuli rating task in this study, as part of a larger independent project, we have collected ratings on valence (i.e. pleasantness) and arousal for a large selection of words from 16 healthy participants using a computerised version of the Self-Assessment Manikin (SAM) task 40 (See Supplementary Material 2 for further details). Data were available for the sensory-pain words used in this study (arousal mean = 2.89, SD = 0.43; valence mean = 4.90, SD = 0.36). We compared to a previous publication from our lab which used sensory-pain words specifically selected for their relevance to chronic headache 24 (arousal mean = 3.61, SD = 1.00; valence mean = 4.21, SD = 0.97). Words in the former study were rated as possessing significantly higher arousal (t(19) = 2.33, p = 0.031) and significantly lower valence (t(18) = 2.40, p = 0.029) than words in this study.
An alternative possibility for the present pattern of results is that participants had resolved the ambiguity of the words by 1250 ms in favour of their neutral meaning. Overall, despite some inconsistencies regarding the time-course of attentional bias, these results are nevertheless in alignment with those of former research showing pain-related attentional biases exist in individuals with chronic pain relative to healthy controls, a meta-analysis providing evidence of significant bias at presentation times of 300-500 ms, 2 and another metaanalysis showing significant bias at times of 500-1000 ms. 1 One possibility for future research would be to include a broader selection of pain-related stimuli varying in ambiguity and to examine more directly whether patterns of attentional (and memory) bias differ in the same chronic pain sample according to the ambiguity of such words.
In line with all former studies 4,31,32,41-44 using a variety of paradigms, 25 the present investigation found biases in the interpretation of ambiguous pain-related information in individuals with chronic pain relative to healthy controls. Maladaptive interpretations of pain are implicated in the development of chronic pain, 45, 46 as they increase fear and anxiety, which in turn promotes an avoidance of potentially pain-provoking situations. 47 An argument has therefore been made for research exploring the potential therapeutic benefits of modifying biased interpretations in patients with chronic pain, 44 especially as supporting evidence has been provided in the anxiety and depression literature. 48, 49 We are in agreement with this suggestion and echo the need for research exploring the clinical implications of biased interpretations specifically in chronic pain. Future research may also benefit from the use of indirect measures of interpretation such as the incidental learning task, 44, 50 which measures relatively implicit processes and thus likely reduces demand characteristics and response biases. 25, 50 Like most direct measures of biased interpretations, responses provided in the sentence generation task may not necessarily reflect the initial interpretation which came to mind. 25, 50 It is also possible that some participants may actually provide benign interpretations as a form of avoidance, although we were unable to test this in the present study.
The wider memory bias literature has reported inconsistent results, finding significant bias for sensorypain words relative to neutral words in those with chronic pain, but no difference between chronic pain and healthy control groups. 51 This study found no evidence of memory bias for ambiguous sensory-pain words in the chronic headache group specifically, relative either to the healthy control group or the recall of neutral words. Recall biases are predicted by theories of emotional processing 52 and chronic pain, 53 however, and the current results contrast those of a recent study using the same stimuli and research design which did report significant biases in the chronic headache group. 4 Nevertheless, this study did find a main effect of stimuli condition, whereby participants across both groups recalled a significantly greater proportion of ambiguous sensory-pain than neutral words. This result is in alignment with research showing people typically demonstrate improved recall of emotional than neutral material. 54, 55 It could be argued that the main effect of stimuli condition in the memory bias analysis also points towards an emotionality effect. The significant differences observed between groups in attention and interpretation may also stem from the fact that the sensory-pain words were simply threatening, rather than because they had pain-related connotations specifically. This possibility should be explored as it has been recently in the attentional bias literature. 30 This study is only the second following the investigation of Schoth et al. 4 to explore all three forms of cognitive bias in the same chronic pain sample. Specific comparison between the two studies is therefore warranted. As noted, our former investigation found individuals with chronic headache, relative to healthy controls, showed significantly greater interpretation and memory biases favouring ambiguous sensory-pain words. It is unsurprising that interpretation bias results were consistent across both studies considering that the same stimuli and paradigm were used. Differences in attentional bias results may be partly explained by the different paradigms used. The spatial cueing task used in our previous study enabled us to include three stimuli categories (sensory-pain, disability and neutral) each with the same number of words (an equal number of words per category, shown the same number of times, is essential to ensure a valid comparison of results). The spatial cueing task has been used infrequently in the pain literature with limited success (one study reported pain-related biases in patients with irritable bowel syndrome 56 but another did not 57 ), and a review of research with anxious populations showed a very small, non-significant between-group effect size for studies using this paradigm. 73 In regard to memory biases, we have noted above the discrepancy between the two investigations and have also noted the general inconsistency in the broader literature.
Support was not found for the prediction of the Threat Interpretation Model 6 that an interpretation bias favouring the pain-related meaning of ambiguous stimuli is necessary for an attentional bias to be observed. This study did not provide the optimal test of the prediction, however, which was cross sectional in nature and also measured attentional biases prior to interpretation biases. Further research is needed specifically testing the temporal relationship between these two forms of bias. It has also been suggested that memory biases may form the basis for attention and interpretation biases, although the alternative is possible with recall biases arising as a result of biases in attention and/or interpretation. 58 Longitudinal research will be able to address these specific questions and also ascertain the effects inducing one form of bias has on other forms of bias. 3, 4, 7 Such research is also vital for interventions aimed at modifying cognitive biases, 58, 59 and of which there is evidence for the benefits of attentional bias modification in the literature broadly 60 and in chronic pain specifically. [61] [62] [63] [64] As anticipated and in line with previous studies, 43 only a proportion of words in the sensory-pain category were interpreted as pain-related (26% of words for individuals with chronic headache and 17% of words for healthy controls). While many attentional and memory bias studies take their stimuli from validated self-report measures such as the McGill Pain Questionnaire, 4,65 potential ambiguity is not typically assessed. We therefore encourage researchers to consider degree of ambiguity in their cognitive bias research regardless of whether they assess interpretation bias specifically or not. Furthermore, this study recruited individuals with chronic headache, although the majority of former studies assessing interpretation 3 and memory biases 51 have recruited individuals with musculoskeletal pain. It is important that stimuli of relevance to the particular chronic pain condition experienced by participants are developed, and indeed for this reason, we recommend against the recruitment of mixed chronic pain samples in cognitive bias research.
A number of limitations may be raised. First, for between-groups comparisons a post hoc power calculation using GPower 66 revealed 12%, 49% and 87% probabilities of correctly rejecting the null hypothesis for small (0.2), medium (0.5) and large (0.8) effect sizes, respectively. Second, we did not counter-balance the order of the attentional and interpretation bias tasks, although this would have allowed us to explore whether the time-course of pain-related attentional bias varies based on previous stimuli exposure. It would also allow exploration as to whether attentional biases are more pronounced towards ambiguous stimuli already seen and interpreted in a pain-related than a neutral manner. Third, the psychometric properties of the visual-probe task, including its reliability, have been questioned. 67, 68 Attentional biases have nevertheless been frequently found with this paradigm 1,2 and confirmed with other paradigms. 12, 69, 70 Fourth, while medium effect sizes were found for between-groups attentional (500 ms) and interpretation bias scores, CIs were nevertheless broad in both instances.
Furthermore, although the two participant groups did not differ on age, sex or years of education, it would have nevertheless been preferable to match participants one to one between the two groups on these variables. The chronic headache group reported significantly higher anxiety and depression than the healthy control group. A meta-analysis of the attentional bias literature by Crombez et al. 1 reported negligible, non-significant correlations between sensory-pain attentional biases and several variables including state anxiety, trait anxiety and depression when included as continuous variables. There were also no significant differences between groups when participants were dichotomised into high and low groups on these variables. Despite this, considering the potential role of threat on cognitive biases, 6 and also the influence of anxiety and depression on threat perceptions, 71, 72 researchers may wish to consider if and how variations in such variables influence patterns of combined cognitive biases in future chronic pain research. In conclusion, this study found evidence of attentional and interpretation biases for ambiguous sensory-pain words in individuals with chronic headache.
